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Dopaminergic midbrain neurons integrate signals on
food palatability and food-associated reward into the
complex control of energy homeostasis. To define
the role of insulin receptor (IR) signaling in this cir-
cuitry, we inactivated IR signaling in tyrosine hy-
droxylase (Th)-expressing cells of mice (IRDTh). IR
inactivation in Th-expressing cells of mice resulted
in increased body weight, increased fat mass, and
hyperphagia. While insulin acutely stimulated firing
frequency in 50% of dopaminergic VTA/SN neurons,
this responsewas abolished in IRDThmice.Moreover,
these mice exhibited an altered response to cocaine
under food-restricted conditions. Taken together,
these data provide in vivo evidence for a critical
role of insulin signaling in catecholaminergic neurons
to control food intake and energy homeostasis.
INTRODUCTION
The recent identification that peripheral hormones such as
insulin, leptin, and numerous others, as well as nutrients, target
hypothalamic neurons to control energy homeostasis, has set
the ground for detailed understanding of the neuronal circuitry
underlying the control of body weight homeostasis (Belgardt
et al., 2008; Konner et al., 2009; Plum et al., 2006a, 2007; Rother
et al., 2008; Sa´nchez-Lasheras et al., 2010; Schwartz, 2006;
Klo¨ckener et al., 2011). Deletion of the IR in the brain of mice as-
signed IR signaling a role in regulation of fuel metabolism and
reproduction in vivo (Bruning et al., 2000). Moreover, insulin
signaling in the CNS not only controls body weight but also regu-
lates peripheral glucose and fat metabolism (Koch et al., 2008;
Konner et al., 2007; Obici et al., 2002).
While most studies have focused on hypothalamic insulin
signaling, there is evidence that insulin has direct effects in other
brain regions, such as neurons of themidbrain (ventral tegmental
area [VTA] and substantia nigrar [SN]) (Elmquist et al., 1998; Fig-720 Cell Metabolism 13, 720–728, June 8, 2011 ª2011 Elsevier Inc.lewicz et al., 2003; Havrankova et al., 1978). Here, the IR is coex-
pressed with tyrosine hydroxylase (Th)—a key enzyme and
marker for catecholaminergic neurons (Figlewicz et al., 2003)—
and insulin administration into the VTA results in an increased
formation of phosphatidylinositol 3,4,5 trisphosphate (PIP3) as
a result of phosphatidylinositol 3 (PI3) kinase activation (Figle-
wicz et al., 2007). Therefore, insulin action in dopaminergic
(DA) neurons provides a potential link between the control of
food intake and the reward circuitry (Figlewicz, 2003; Figlewicz
and Benoit, 2009; Palmiter, 2007).
In fact, insulin, as well as leptin and ghrelin, modulates reward
seeking and drug relapse—behaviors associated with DA sig-
naling in the mesolimbic dopamine system (Abizaid et al., 2006;
Figlewicz et al., 2001, 2004, 2006, 2008; Figlewicz and Benoit,
2009; Fulton et al., 2006; Hommel et al., 2006; Jerlhag et al.,
2006), and leptin signaling in the VTA directly regulates feeding
behavior (Hommel et al., 2006).
To define the role of insulin signaling in catecholaminergic cells
in the regulation of energy homeostasis, we have specifically
altered insulin signaling in Th-expressing cells of mice and reveal
an important role for insulin action in this circuitry in control of
feeding and body weight.
RESULTS
Generation of IRDTh Mice
To investigate the role of insulin signaling in Th-expressing cells,
we inactivated the IR gene specifically in these cells by crossing
IRlox/lox mice with those expressing Cre recombinase from the
30 untranslated region of the Th gene (IRDTh) (Bruning et al.,
2000; Lindeberg et al., 2004).
In the periphery the majority of sympathetic neurons are
catecholaminergic, and in the CNS the most abundant group
of catecholaminergic cells are DA neurons of themesencephalon
(Moore and Bloom, 1979). Immunohistochemistry for endoge-
nous Th in the brain revealed expression in the arcuate nucleus
(ARC), paraventricular nucleus (PVN), VTA/SN, locus coeruleus,
and rostroventrolateral medulla (see Figure S1A available online).
Cre-mediated recombination was visualized by the use of a
reporter mouse strain, which expresses GFP upon Ce-mediated
Figure 1. Generation of Th Cell-Specific IR
Knockout Mice
(A) Cre-mediated recombination was visualized by
immunohistochemistry for enhancedGFP on brain
sections of double heterozygous reporter mice
(Th-IRES-Cre-Z/EG). Cre-mediated recombina-
tion removes the loxP-flanked neomycin resis-
tance gene; thus GFP is transcribed only in Th-
expressing cells. Cre recombinase activity is
present in the VTA and the substantia nigra (SN).
GFP-positive cells, brown. Scale bar, 100 mm.
(B) Immunohistochemistry for Th was performed in
VTA/SN sections from control and IRDTh animals.
Total number of Th-positive cells in control and
IRDTh animals is as mean ± SEM of three control
and two IRDTh animals. Th-positive cells, brown.
Scale bar, 50 mm.
(C) Double immunohistochemistry of VTA/SN
neurons of control and IRDTh reporter mice was
performed in overnight fasted mice, which were
intravenously injected with either saline or insulin
and sacrificed 10 min afterwards. Arrows indicate
one Th-expressing neuron and one non-Th-ex-
pressing neuron in each panel. Blue (DAPI), DNA;
red, b-gal (Th-expressing neurons); green, PIP3.
(D) Quantification of PIP3 levels in control reporter
mice in the basal state () and after insulin (+)
stimulation. Values are means ± SEM of sections
obtained from three unstimulated and three
insulin-stimulated control mice.
(E) Quantification of PIP3 levels in IRDTh reporter
mice in the basal state () and after insulin (+)
stimulation. Values are means ± SEM of sections
obtained from three unstimulated and four insulin-
stimulated IRDTh mice.
Displayed values are means ± S.E.M.; *p < 0.05.
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showed a pattern of GFP immunoreactivity in the VTA/SN and in
the above described Th-positive neurons (Figure 1A).
To address whether inactivation of the IR alters development
and maintenance of DA midbrain neurons, we compared the
number of Th-expressing cells in control (IRlox/lox) and IRDTh
mice, revealing unaltered numbers and distribution of Th-posi-
tive neurons in the VTA/SN of IRDTh mice compared with controls
(Figure 1B).
Since global brain disruption of the IR leads to hypogonadism
andTh neurons in the hypothalamus can control prolactin release
(Ben-Jonathan and Hnasko, 2001; Bruning et al., 2000), we as-
sessed parameters of fertility in IRDTh mice. However, there
were no significant differences in litter-to-litter intervals, litter
size, and morphology of reproductive organs between control
and IRDTh mice (Figures S1B–S1D).
In the VTA, insulin has previously been shown to activate the
PI3 kinase cascade, which catalyzes the generation of PIP3
from phosphatidylinositol 4,5 diphosphate (PIP2) (FiglewiczCell Metabolism 13, 720–et al., 2007). Therefore, the effect of Th
neuron-restricted IR deficiency on insu-
lin’s ability to activate the PI3 kinase
pathway was determined. In the basal
state, little immunoreactive PIP3 was
detectable in Th-expressing neurons ofcontrol and IRDTh reporter mice (Figures 1C–1E). In control
mice, insulin treatment resulted in activation of PIP3 formation
in Th-expressing and non-Th-expressing neurons of the VTA/SN
(Figures 1C and 1D). In contrast, in IRDTh mice, insulin stimulation
resulted in PIP3 formation in non-Th-expressing cells, but it
failed to activate PIP3 formation in Th-expressing neurons
(Figures 1C and 1E). These data indicate efficient and specific
IR inactivation in Th-expressing cells in the VTA/SN of IRDTh
mice.
Insulin Increases Firing of VTA/SN Dopaminergic
Neurons
To determine differences in the insulin responsiveness between
control mesencephalic VTA/SN DA neurons and DA neurons
lacking the IR, we performed perforated patch clamp recordings
(Figures 2A–2F). The spontaneous spike frequency was not
significantly different between control and IRDTh DA neurons
(controls, 2.1 ± 0.2 Hz, n = 25; IRDTh, 1.8 ± 0.2 Hz, n = 27; p >
0.05; Figure 2D). In 50% (8 out of 16) of control mesencephalic728, June 8, 2011 ª2011 Elsevier Inc. 721
Figure 2. Insulin Increases the Frequency of Action Potentials in Mesencephalic Dopaminergic Neurons
(A) (Top) Peristimulus time histogram (bin width, 60 s) of recordings from a control (left) and an IRDTh neuron (right) during insulin (200 nM) application. (Bottom)
Original traces from the recordings shown above at two different time points (indicated by numbers).
(B) Effect of insulin on the spike frequency of mesencephalic DA neurons from control and IRDTh mice. (B1) The dots and triangles indicate the change in firing
frequency of the individual neurons (control, n = 16; IRDTh, n = 10). Red triangles show insulin-responsive cells according to the three times SD criterion (see the
Supplemental Experimental Procedures), and black dots represent nonresponsive cells. (B2) Relative change in firing frequency during application of insulin
(200 nM) in responsive (+) and nonresponsive () control and IRDTh neurons. Neurons that were silent under control conditions (n = 1) were not included.
(C) Percentage of control (8/16) and IRDTh (1/10) mesencephalic DA neurons that responded to bath application of 200 nM insulin with a significant increase in
firing frequency.
(D) Spontaneous frequency in DA neurons of control (n = 25) and IRDTh (n = 27) mice. Neurons that were silent under control conditions (n = 1) were not included.
(E) Frequency of excitatory postsynaptic currents (EPSCs, left) and inhibitory postsynaptic currents (IPSCs, right) of DA neurons of control (n = 5) and IRDTh (n = 6)
mice.
(F) Fluorescence image of amesencephalic DA neuron during a perforated-patch clamp recording (left) and after conversion to thewhole-cell configuration (right).
To test the integrity of the perforated-patch clamp recording, the pipette was backfilled with 0.02% tetraethylrhodamine-dextran.
Displayed values are means ± S.E.M.; *p < 0.05; **p < 0.01.
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on average by 57% ± 22% (Figures 2A–2C). In contrast, only
one IRDTh DA neuron out of ten responded to insulin (Figures
2A–2C). This insulin effect in control cells was also observed in
conditions where synaptic input was blocked (data not shown),
indicating cell-autonomous insulin action to increase DA neuron
firing. In addition, analysis of synaptic input revealed a decreased
excitatory postsynaptic current (EPSC) frequency in IRDTh DA
neurons as compared to control DA neurons (controls, 2.3 ±
0.4 Hz, n = 5; IRDTh, 1.2 ± 0.2 Hz, n = 6; p < 0.05; Figure 2E) while
the frequency of the inhibitory input (IPSCs) remained
unchanged (controls, 4.0 ± 0.7 Hz, n = 5; IRDTh, 3.2 ± 0.4 Hz,
n = 6; p > 0.05; Figure 2E). Thus, insulin modulates the intrinsic
firing properties in a substantial subset of mesencephalic DA
neurons and promotes the establishment or maintenance of
excitatory synaptic connections of these cells.
Increased Adiposity in IRDTh Mice
To investigate the impact of IR inactivation in Th-expressing
cells on the regulation of energy homeostasis, body weight of
control and IRDTh mice was monitored. While body weight of
Th-IRES-Cre mice is comparable to control littermates (Fig-
ure S1E), both female and male IRDTh mice exhibited an
increased body weight from approximately 7 weeks of age on
as compared to controls (Figures 3A and 3B). Consistent with
the increased body weight, IRDTh mice displayed an increased
epigonadal fat pad mass at the age of 20 weeks compared to
controls (Figures 3C and 3D). Also brown adipose tissue
mass was increased in IRDTh mice at the age of 20 weeks
(Figures 3E and 3F). In vivo magnetic resonance spectrometry
confirmed the presence of adiposity, as body fat content was
increased in IRDTh mice as compared to controls (Figures 3G
and 3H). Increased adiposity in IRDTh mice was also reflected
in an augmented adipocyte size (Figure 3I) and in increased
plasma leptin concentrations (Figures 3J and 3K). Taken
together, these results indicate that inactivation of the IR
gene in Th-expressing cells results in increased body weight
and adiposity.
Hyperinsulinemia in IRDTh Mice
We next assessed glucose metabolism in control and IRDTh
mice. However, there were no alterations in glucose tolerance,
insulin sensitivity, or plasma insulin concentrations in young
IRDTh mice compared to controls (Figures S2A–S2F). However,
serum insulin concentrations of IRDTh mice were significantly
increased at an age of 20 weeks, when obesity persisted longer
and became more prominent (Figures S2G and S2H). Neverthe-
less, fasted and fed blood glucose levels remained unaltered in
IRDTh mice also at this age (Figure S2I). Collectively, these results
indicate that mild insulin resistance develops in IRDTh mice likely
secondarily to obesity.
Increased Food Intake in IRDTh Mice
To further analyze the mechanism underlying the increase in
body weight and adiposity of IRDTh mice, energy intake and
energy expenditure were assessed in these mice. While food
intake of Th-IRES-Cremice was comparable to C57BL/6 control
littermates (Figure S1F), IRDTh mice displayed an increased food
intake both at 6 and 13 weeks of age as compared to controlsC(Figures 4A–4D). Since Th-IRES-Cre-mediated IR inactivation
is not only restricted to DA midbrain neurons, we next aimed to
specifically address the role of IR signaling in the VTA in control
of feeding behavior. Thus, we stereotactically injected either an
adeno-associated virus (AAV) expressing GFP (AAV-GFP) or an
AAV expressing Cre (AAV-Cre) bilaterally in the VTA of IRlox/lox
mice. Analysis of food intake revealed that 14 days after injec-
tion of the AAV-vectors—concomitant with the predescribed
maximum of AAV-driven transgene expression—animals
correctly targeted with AAV-Cre in the VTA exhibited a higher
food intake than those injected with AAV-GFP and those where
injection of AAV-Cre had failed to correctly target the VTA
(Figures S2J and S2K). Collectively, these data indicate that IR
inactivation in Th neurons and likely those in the VTA causes
hyperphagia.
In contrast, indirect calorimetry revealed unaltered oxygen
consumption in male IRDTh mice as compared to control mice,
and female IRDTh mice only exhibited decreased energy expen-
diture during daytime (Figures 4E and 4F). Basal locomotor
activity in both female and male IRDTh mice was also indistin-
guishable to control animals (Figures 4G and 4H).
IRDTh Mice Exhibit Altered Cocaine-Induced Locomotor
Activity
The role of the DA system in the behavioral effects of cocaine is
well-established (Di Chiara and Imperato, 1988). Moreover, food
deprivation increases the reinforcing efficacy of cocaine self-
administration (Bell et al., 1997), and cocaine-induced locomotor
activity is increased in food-deprived rats (Bell et al., 1997). Thus,
to address whether insulin signaling in Th-expressing cells alters
cocaine’s motor-activating effects, we compared cocaine-
induced locomotor activity in control and IRDTh mice that were
restricted to 80%of their normal daily food intake. Cocaine treat-
ment significantly increased locomotor activity in control mice,
but the ability of cocaine to induce locomotor activity was largely
attenuated in IRDTh mice (Figure 4I). However, cocaine’s ability to
enhance locomotor activity was comparable between ad libi-
tum-fed control and IRDTh mice (Figure S3A). Collectively, these
experiments reveal a role for insulin action in the DA system to
modulate the response to cocaine dependent on metabolic
state.
Food deprivation also affects appetitive behaviors, including
increased drinking of sweet solutions (Sheffield and Roby,
1950; Smith and Duffy, 1975), while insulin decreases acute
sucrose intake as well as sucrose self-administration in rats (Fig-
lewicz et al., 2008). Thus, we aimed to investigate whether lack of
insulin signaling in Th-expressing cells has an effect on prefer-
ence for a sucrose solution. Animals were given a choice
between two bottles: one bottle contained water and the other
bottle a sucrose solution (1%, 2%, 4%, or 8% sucrose, w/v).
Mice lacking the IR in Th-expressing cells exhibited a trend for
increased sensitivity to a sucrose solution of 1% and 2% (w/v)
(Figure 4 J). However, sensitivity to sucrose solutions of higher
concentrations (i.e., 4% and 8%, w/v) was comparable between
control and IRDTh mice (Figure 4J). These experiments indicate
that insulin action in Th neurons may also contribute to the regu-
lation of food-reward-related behavior, although this aspect
clearly needs further detailed investigation in different behavioral
paradigms.ell Metabolism 13, 720–728, June 8, 2011 ª2011 Elsevier Inc. 723
Figure 3. Increased Body Weight and Adiposity in IRDTh Mice
(A) Average body weight of female control (>) and IRDTh (A) mice (n = 27–30).
(B) Average body weight of male control (>) and IRDTh (A) mice (n = 13–22).
(C) Parametrial fat pad weight of female control and IRDTh mice (n = 29) at the age of 20 weeks.
(D) Epididymal fat pad weight of male control and IRDTh mice (n = 15–17) at the age of 20 weeks.
(E) Brown adipose tissue (BAT) weight of female control and IRDTh mice (n = 29) at the age of 20 weeks.
(F) Brown adipose tissue (BAT) weight of male control and IRDTh mice (n = 15–17) at the age of 20 weeks.
(G) Average body fat content of female control and IRDTh mice (n = 29) at the age of 20 weeks measured by NMR.
(H) Average body fat content of male control and IRDTh mice (n = 15–17) at the age of 20 weeks measured by NMR.
(I) H&E stain of epididymal/parametrial adipose tissue of female andmale control and IRDTh mice at the age of 20 weeks. Scale bar, 50 mm. Quantification of mean
adipocyte surface in epididymal/parametrial adipose tissue of female (n = 4) and male (n = 4–5) control and IRDTh mice at the age of 20 weeks.
(J) Serum leptin concentrations of female control and IRDTh mice (n = 17–20) at the age of 20 weeks.
(K) Serum leptin concentrations of male control and IRDTh mice (n = 7–9) at the age of 20 weeks.
Displayed values are means ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001.
Cell Metabolism
Insulin Action in Tyrosine Hydroxylase NeuronsDecreased Tyrosine Hydroxylase and Dopamine
Receptor 2 Expression in IRDTh Mice
Next, expression of different genes critically involved in dopa-
mine signaling in the mesolimbic and nigrostriatal circuitry was
determined in control and IRDTh mice. This revealed decreased
mRNA expression of Th and dopamine receptor 2 (D2R) in the
VTA of IRDTh mice as compared to controls (Figure S3B). On724 Cell Metabolism 13, 720–728, June 8, 2011 ª2011 Elsevier Inc.the other hand, expression of monoamine oxidase B (MAOB),
catechol-O-methyl transferase (COMT), aromatic L-amino acid
decarboxylase (AAAD), and the dopamine transporter (DAT)
was unaltered in the VTA of IRDTh mice as compared to controls
(Figure S3B). Moreover, expression of MAOB, COMT, D1R, D2R,
and D3R were unaltered in the NAc and CPu of these mice
(Figures S3C and S3D). However, in the absence of functional
Figure 4. Increased Food Intake and Altered Response to Cocaine in IRDTh Mice
(A) Daily food intake of female control and IRDTh mice at the age of 6 weeks (n = 11–12).
(B) Daily food intake of female control and IRDTh mice at the age of 13 weeks (n = 12–13).
(C) Daily food intake of male control and IRDTh mice at the age of 6 weeks (n = 10–13).
(D) Daily food intake of male control and IRDTh mice at the age of 13 weeks (n = 11).
(E) Mean oxygen consumption (VO2) corrected for lean body mass of female control (n = 12) and IR
DTh (n = 7) mice measured by indirect calorimetry at the age of
19 weeks.
(F) Mean oxygen consumption (VO2) corrected for lean body mass of male control (n = 6) and IR
DTh (n = 5) mice measured by indirect calorimetry at the age of
19 weeks.
(G) Basal locomotor activity of female control (n = 12) and IRDTh (n = 7) mice at the age of 19 weeks.
(H) Basal locomotor activity of male control (n = 6) and IRDTh (n = 5) mice at the age of 19 weeks.
(I) Food-restricted (maintained at 80% of normal average daily food intake) control (n = 11) and IRDTh (n = 9) mice were injected intraperitoneally with either vehicle
(saline) or cocaine (20 mg/kg BW). Cocaine-induced locomotor activity is expressed as percentage compared to total distance moved under baseline conditions
(saline).
(J) Sucrose preference expressed as percentage of total intake of a sucrose solution for food-restricted (maintained at 80% of normal average daily food intake)
control (n = 10) and IRDTh (n = 15) mice in a two-bottle choice paradigm.
Displayed values are means ± S.E.M.; *p < 0.05; **p < 0.01; ***p < 0.001.
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alter dopamine content of the VTA/SN, the NAc, or the CPu
(Figure S3E).
DISCUSSION
In the last several years substantial evidence has emerged,
showing that peripheral hormonal signals such as insulin, leptin,
and ghrelin are able to modulate the reward circuitry. Both insulin
and leptin administration into theVTA result in an increased forma-
tion of PIP3, the lipid product of activated PI3 kinase (Figlewicz
et al., 2007). In ourmodel, insulin’s ability to activate thePI3 kinase
pathwaywasbluntedspecifically inVTAThneuronsof IRDThmice,
indicating successful inactivation of the IR in these cells and that
insulin stimulates PI3 kinase in these cells in a cell-autonomous
manner and not indirectly via synaptic transmission.
It has previously been demonstrated that intraventricular
insulin administration prevents the expression of a place prefer-
ence for high-fat food, decreases lick rates for sucrose solutions
in a lickometer task, and decreases sucrose self-administration
in rats that are not food deprived (Figlewicz et al., 2004; Figlewicz
et al., 2006). Moreover, direct injection of insulin into the VTA
blocks VTA-initiated feeding of sucrose pellets by administration
of a m-opioid agonist, while VTA insulin injection did not change
baseline sucrose pellet intake, indicating that insulin’s effect on
food reward may only be relevant when there is adequate stim-
ulation or drive within the VTA (Figlewicz et al., 2007). Our results
in mice with targeted inactivation of insulin signaling in Th cells
and their obese, hyperphagic phenotype reveals a critical role
for insulin signaling in this circuitry to control feeding and fat
mass long-term. Moreover, the results of our study support
a direct role for insulin signaling in the brain reward system, as
IRDTh mice exhibited altered cocaine-evoked locomotor activity
and indications of altered sensitivity to a sucrose solution.
However, since Th is the first, rate-limiting enzyme in catechol-
amine synthesis and neurons of both the peripheral and central
nervous system use catecholamines as neurotransmitters, and
thus IR inactivation in our model occurred in different Th-positive
brain regions besides the VTA, the observed phenotype cannot
directly be accounted for by impaired insulin action in DA VTA
neurons. For example, the IR is also expressed in noradrenergic
neurons in the NTS, which are involved in the satiation process
(Blevins and Baskin, 2010;Werther et al., 1987).Moreover, inher-
itant to the technical approach of this study, the presented find-
ings could also have been influenced by neuroadaptive changes
due to lack of IR signaling in Th neurons during development.
Nevertheless, the fact that obesity in IRDTh mice develops as
a consequence of hyperphagia in the absence of detectable
major alterations in energy expenditure or circulating catechol-
amine concentrations (data not shown), and the clear trend for
hyperphagia upon acute AAV-Cre-mediated IR deletion in the
VTA, provides further support for the notion that insulin resis-
tance in DA midbrain neurons might indeed contribute signifi-
cantly to the phenotype observed in these animals.
Mechanistically, we demonstrate that insulin has a significant
excitatory effect in a major subpopulation of DA VTA/SN
neurons. Moreover, Th neuron-specific deletion of the IR results
in a reduction of excitatory input on DA VTA/SN neurons and
abolished the aforementioned cell-autonomous effect on these726 Cell Metabolism 13, 720–728, June 8, 2011 ª2011 Elsevier Inc.cells. A potential mediator of insulin’s effects on firing frequency
is the PI3 kinase pathway. We and others have previously
demonstrated that insulin in a PI3 kinase-dependent activation
of KATP-channels can lead to cell-autonomous hyperpolarization
of neurons (Konner et al., 2007; Plum et al., 2006b; Spanswick
et al., 2000). Since insulin leads to an increase in spontaneous
firing in DA VTA/SN neurons, it is unlikely that KATP-channels
are the downstream target of PI3 kinase signaling in these cells.
However, insulin can modulate activity of the DAT at different
levels in a PI3 kinase-dependent manner (Carvelli et al., 2002;
Figlewicz et al., 1994). Thus, increased insulin-mediated DAT
activity might lead to a higher dopamine clearance, resulting in
the disinhibition of DA VTA/SN cells in a D2R-dependent mech-
anism (Uchida et al., 2000). However, future studies will have to
further address the detailed mechanism(s) of how insulin
controls VTA/SN neuronal excitability.
Importantly, research over the last several years suggested
a role for the DA system in the development of obesity, as
body mass index is negatively correlated with D2R density in
striatal regions (Volkow et al., 2008; Wang et al., 2001). More-
over, in rats, diet-induced obesity is linked to deficits in mesolim-
bic dopamine neurotransmission, and obesity-prone rats exhibit
reduced D2R expression levels (Geiger et al., 2008, 2009; John-
son andKenny, 2010). Along this line, reducedD2R expression in
IRDTh mice may point toward an additional effect of insulin in the
regulation of dopamine controlled feeding.
Collectively, our study reveals a critical role for insulin action in
catecholaminergic neurons in long-term control of feeding. The
further elucidation of the exact neuronal subpopulation(s) and
cellular mechanisms responsible for this effect may thus define
potential targets for the treatment of obesity.
EXPERIMENTAL PROCEDURES
Animal Care
All animal procedures and euthanasia were reviewed by the animal care
committee of the University of Cologne, were approved by local government
authorities (Bezirksregierung Ko¨ln), and were in accordance with National
Institutes of Health guidelines. Mouse husbandry was performed as previously
described (Konner et al., 2007).
Generation of IRDTh Mice
Th-IRES-Cre mice (Lindeberg et al., 2004) were mated with IRlox/lox mice, and
breeding colonies were maintained by mating IRlox/lox with Th-IRES-Cre-IRlox/lox
(IRDTh). Only animals from the same mixed background strain generation were
compared to each other.
Food Intake and Indirect Calorimetry
Food intake was measured over a 10 day period, during which mice were
housed individually in regular cages using food racks. Food racks were
weighed every day and daily food intake was calculated as the average daily
intake of chow within the time stated. Indirect calorimetry was measured in
a Calorimetry Module (CLAMS, Oximax Windows 4.00, Columbus Instru-
ments, Columbus, OH, USA) as previously described (Mesaros et al., 2008).
Analysis of Body Composition
Nuclear magnetic resonance (NMR) was employed to determine whole-body
composition of live animals using the NMR Analyzer minispec mq7.5 (Bruker
Optik, Ettlingen, Germany).
Cocaine-Induced Locomotor Activity
IRlox/lox (control) and IRDTh mice that were either ad libitum fed or restricted to
80% of their average daily food intake (starting 3 days prior to the experiment)
Cell Metabolism
Insulin Action in Tyrosine Hydroxylase Neuronswere injected intraperitoneally with either vehicle (saline) or cocaine (20 mg/kg
BW), and the distance moved by each mouse over a period of 45 min was
measured using an automated video-based system in an open field (50 3
50 cm, VideoMot 2, TSE Systems, Bad Homburg, Germany).
Statistical Methods
Data sets were analyzed for statistical significance using either a two-tailed
unpaired Student’s t test or, if applicable (i.e., comparison of locomotor activity
under basal conditions and after cocaine treatment), a two-tailed paired
Student’s t test. In one case, i.e., the comparison of average daily food intake
of AAV-Cre VTA hit mice with either AAV-GFP or AAV-Cre VTA missed mice,
a one-tailed unpaired Student’s t test was performed. All p values below
0.05 were considered significant. All displayed values are means ± SEM;
*p < 0.05; **p < 0.01; ***p < 0.001 versus controls.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
online at doi:10.1016/j.cmet.2011.03.021.
ACKNOWLEDGMENTS
We wish to thank Gisela Schmall and Tanja Rayle for excellent secretarial
assistance; and Pia Scholl, Sigrid Irlenbusch, Julia Goldau, Jens Alber, and
Helmut Wratil for outstanding technical assistance. We thank Ted Ebendal
for kindly providing Th-IRES-Cremice. This work was supported by the Center
for Molecular Medicine (CMMC), University of Cologne (TVA1 to J.C.B., D7 to
P.K.), the European Union (FP7-HEALTH-2009-241592, EurOCHIP, to J.C.B.),
the DFG (BR 1492/7-1 to J.C.B.; KL 762/2-2, KL 762/4-1 to P.K.), and the
Competence Network for ‘‘Adipositas’’ (Neurotarget) funded by the Federal
Ministry of Education and Research (FKZ01GIO845 to J.C.B.).
Received: March 30, 2010
Revised: October 21, 2010
Accepted: March 23, 2011
Published: June 7, 2011
REFERENCES
Abizaid, A., Liu, Z.W., Andrews, Z.B., Shanabrough, M., Borok, E., Elsworth,
J.D., Roth, R.H., Sleeman, M.W., Picciotto, M.R., Tschop, M.H., et al. (2006).
Ghrelin modulates the activity and synaptic input organization of midbrain
dopamine neurons while promoting appetite. J. Clin. Invest. 116, 3229–3239.
Belgardt, B.F., Husch, A., Rother, E., Ernst, M.B., Wunderlich, F.T., Hampel,
B., Klockener, T., Alessi, D., Kloppenburg, P., and Bruning, J.C. (2008).
PDK1 deficiency in POMC-expressing cells reveals FOXO1-dependent
and -independent pathways in control of energy homeostasis and stress
response. Cell Metab. 7, 291–301.
Bell, S.M., Stewart, R.B., Thompson, S.C., and Meisch, R.A. (1997). Food-
deprivation increases cocaine-induced conditioned place preference and
locomotor activity in rats. Psychopharmacology (Berl.) 131, 1–8.
Ben-Jonathan, N., and Hnasko, R. (2001). Dopamine as a prolactin (PRL) inhib-
itor. Endocr. Rev. 22, 724–763.
Blevins, J.E., and Baskin, D.G. (2010). Hypothalamic-brainstem circuits
controlling eating. Forum Nutr. 63, 133–140.
Bruning, J.C., Gautam, D., Burks, D.J., Gillette, J., Schubert, M., Orban, P.C.,
Klein, R., Krone, W., Muller-Wieland, D., and Kahn, C.R. (2000). Role of brain
insulin receptor in control of body weight and reproduction. Science 289,
2122–2125.
Carvelli, L., Moron, J.A., Kahlig, K.M., Ferrer, J.V., Sen, N., Lechleiter, J.D.,
Leeb-Lundberg, L.M., Merrill, G., Lafer, E.M., Ballou, L.M., et al. (2002). PI
3-kinase regulation of dopamine uptake. J. Neurochem. 81, 859–869.
Di Chiara, G., and Imperato, A. (1988). Drugs abused by humans preferentially
increase synaptic dopamine concentrations in the mesolimbic system of freely
moving rats. Proc. Natl. Acad. Sci. USA 85, 5274–5278.CElmquist, J.K., Bjorbaek, C., Ahima, R.S., Flier, J.S., and Saper, C.B. (1998).
Distributions of leptin receptor mRNA isoforms in the rat brain. J. Comp.
Neurol. 395, 535–547.
Figlewicz, D.P. (2003). Insulin, food intake, and reward. Semin. Clin.
Neuropsychiatry 8, 82–93.
Figlewicz, D.P., and Benoit, S.C. (2009). Insulin, leptin, and food reward:
update 2008. Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R9–R19.
Figlewicz, D.P., Szot, P., Chavez, M., Woods, S.C., and Veith, R.C. (1994).
Intraventricular insulin increases dopamine transporter mRNA in rat VTA/sub-
stantia nigra. Brain Res. 644, 331–334.
Figlewicz, D.P., Higgins, M.S., Ng-Evans, S.B., and Havel, P.J. (2001). Leptin
reverses sucrose-conditioned place preference in food-restricted rats.
Physiol. Behav. 73, 229–234.
Figlewicz, D.P., Evans, S.B., Murphy, J., Hoen, M., and Baskin, D.G. (2003).
Expression of receptors for insulin and leptin in the ventral tegmental area/
substantia nigra (VTA/SN) of the rat. Brain Res. 964, 107–115.
Figlewicz, D.P., Bennett, J., Evans, S.B., Kaiyala, K., Sipols, A.J., and Benoit,
S.C. (2004). Intraventricular insulin and leptin reverse place preference condi-
tioned with high-fat diet in rats. Behav. Neurosci. 118, 479–487.
Figlewicz, D.P., Bennett, J.L., Naleid, A.M., Davis, C., and Grimm, J.W. (2006).
Intraventricular insulin and leptin decrease sucrose self-administration in rats.
Physiol. Behav. 89, 611–616.
Figlewicz, D.P., Bennett, J.L., Aliakbari, S., Zavosh, A., and Sipols, A.J. (2008).
Insulin acts at different CNS sites to decrease acute sucrose intake and
sucrose self-administration in rats. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 295, R388–R394.
Figlewicz, D.P., MacDonald Naleid, A., and Sipols, A.J. (2007). Modulation of
food reward by adiposity signals. Physiol. Behav. 91, 473–478.
Fulton, S., Pissios, P., Manchon, R.P., Stiles, L., Frank, L., Pothos, E.N.,
Maratos-Flier, E., and Flier, J.S. (2006). Leptin regulation of the mesoaccum-
bens dopamine pathway. Neuron 51, 811–822.
Geiger, B.M., Behr, G.G., Frank, L.E., Caldera-Siu, A.D., Beinfeld, M.C.,
Kokkotou, E.G., and Pothos, E.N. (2008). Evidence for defective mesolimbic
dopamine exocytosis in obesity-prone rats. FASEB J. 22, 2740–2746.
Geiger, B.M., Haburcak, M., Avena, N.M., Moyer, M.C., Hoebel, B.G., and
Pothos, E.N. (2009). Deficits of mesolimbic dopamine neurotransmission in
rat dietary obesity. Neuroscience 159, 1193–1199.
Havrankova, J., Roth, J., and Brownstein, M. (1978). Insulin receptors are
widely distributed in the central nervous system of the rat. Nature 272,
827–829.
Hommel, J.D., Trinko, R., Sears, R.M., Georgescu, D., Liu, Z.W., Gao, X.B.,
Thurmon, J.J., Marinelli, M., and DiLeone, R.J. (2006). Leptin receptor
signaling in midbrain dopamine neurons regulates feeding. Neuron 51,
801–810.
Jerlhag, E., Egecioglu, E., Dickson, S.L., Andersson, M., Svensson, L., and
Engel, J.A. (2006). Ghrelin stimulates locomotor activity and accumbal dopa-
mine-overflow via central cholinergic systems in mice: implications for its
involvement in brain reward. Addict. Biol. 11, 45–54.
Johnson, P.M., and Kenny, P.J. (2010). Dopamine D2 receptors in addiction-
like reward dysfunction and compulsive eating in obese rats. Nat. Neurosci.
13, 635–641.
Klo¨ckener, T., Hess, S., Belgardt, B.F., Paeger, L., Verhagen, L.A.W., Husch,
A., Sohn, J., Hampel, B., Dhillon, H., Zigman, et al.. (2011). High-fat feeding
promotes obesity via insulin receptor/PI3K-dependent inhibition of SF-1
VMH neurons. Nat. Neurosci. 10.1038/nn.2847.
Koch, L., Wunderlich, F.T., Seibler, J., Konner, A.C., Hampel, B., Irlenbusch,
S., Brabant, G., Kahn, C.R., Schwenk, F., and Bruning, J.C. (2008). Central
insulin action regulates peripheral glucose and fat metabolism in mice.
J. Clin. Invest. 118, 2132–2147.
Konner, A.C., Janoschek, R., Plum, L., Jordan, S.D., Rother, E., Ma, X., Xu, C.,
Enriori, P., Hampel, B., Barsh, G.S., et al. (2007). Insulin action in AgRP-
expressing neurons is required for suppression of hepatic glucose production.
Cell Metab. 5, 438–449.ell Metabolism 13, 720–728, June 8, 2011 ª2011 Elsevier Inc. 727
Cell Metabolism
Insulin Action in Tyrosine Hydroxylase NeuronsKonner, A.C., Klockener, T., and Bruning, J.C. (2009). Control of energy
homeostasis by insulin and leptin: targeting the arcuate nucleus and beyond.
Physiol. Behav. 97, 632–638.
Lindeberg, J., Usoskin, D., Bengtsson, H., Gustafsson, A., Kylberg, A.,
Soderstrom, S., and Ebendal, T. (2004). Transgenic expression of Cre recom-
binase from the tyrosine hydroxylase locus. Genesis 40, 67–73.
Mesaros, A., Koralov, S.B., Rother, E., Wunderlich, F.T., Ernst, M.B., Barsh,
G.S., Rajewsky, K., and Bruning, J.C. (2008). Activation of Stat3 signaling in
AgRP neurons promotes locomotor activity. Cell Metab. 7, 236–248.
Moore, R.Y., and Bloom, F.E. (1979). Central catecholamine neuron systems:
anatomy and physiology of the norepinephrine and epinephrine systems.
Annu. Rev. Neurosci. 2, 113–168.
Novak, A., Guo, C., Yang, W., Nagy, A., and Lobe, C.G. (2000). Z/EG, a double
reporter mouse line that expresses enhanced green fluorescent protein upon
Cre-mediated excision. Genesis 28, 147–155.
Obici, S., Zhang, B.B., Karkanias, G., and Rossetti, L. (2002). Hypothalamic
insulin signaling is required for inhibition of glucose production. Nat. Med. 8,
1376–1382.
Palmiter, R.D. (2007). Is dopamine a physiologically relevant mediator of
feeding behavior? Trends Neurosci. 30, 375–381.
Plum, L., Belgardt, B.F., and Bruning, J.C. (2006a). Central insulin action in
energy and glucose homeostasis. J. Clin. Invest. 116, 1761–1766.
Plum, L., Ma, X., Hampel, B., Balthasar, N., Coppari, R., Munzberg, H.,
Shanabrough, M., Burdakov, D., Rother, E., Janoschek, R., et al. (2006b).
Enhanced PIP3 signaling in POMC neurons causes KATP channel activation
and leads to diet-sensitive obesity. J. Clin. Invest. 116, 1886–1901.
Plum, L., Rother, E., Munzberg, H., Wunderlich, F.T., Morgan, D.A., Hampel,
B., Shanabrough, M., Janoschek, R., Konner, A.C., Alber, J., et al. (2007).
Enhanced leptin-stimulated Pi3k activation in the CNS promotes white
adipose tissue transdifferentiation. Cell Metab. 6, 431–445.728 Cell Metabolism 13, 720–728, June 8, 2011 ª2011 Elsevier Inc.Rother, E., Konner, A.C., and Bruning, J.C. (2008). Neurocircuits integrating
hormone and nutrient signaling in control of glucose metabolism. Am. J.
Physiol. Endocrinol. Metab. 294, E810–E816.
Sa´nchez-Lasheras, C., Ko¨nner, A.C., and Bru¨ning, J.C. (2010). Integrative
neurobiology of energy homeostasis-neurocircuits, signals and mediators.
Front. Neuroendocrinol. 31, 4–15.
Schwartz, M.W. (2006). Central nervous system regulation of food intake.
Obesity (Silver Spring) 14 (Suppl 1 ), 1S–8S.
Sheffield, F.D., and Roby, T.B. (1950). Reward value of a non-nutritive sweet-
taste. J. Comp. Physiol. Psychol. 43, 471–481.
Smith, M., and Duffy, M. (1975). Consumption of sucrose and saccharin by
hungry and satiated rats. J. Comp. Physiol. Psychol. 50, 65–69.
Spanswick, D., Smith, M.A., Mirshamsi, S., Routh, V.H., and Ashford, M.L.
(2000). Insulin activates ATP-sensitive K+ channels in hypothalamic neurons
of lean, but not obese rats. Nat. Neurosci. 3, 757–758.
Uchida, S., Akaike, N., and Nabekura, J. (2000). Dopamine activates inward
rectifier K+ channel in acutely dissociated rat substantia nigra neurones.
Neuropharmacology 39, 191–201.
Volkow, N.D., Wang, G.J., Telang, F., Fowler, J.S., Thanos, P.K., Logan, J.,
Alexoff, D., Ding, Y.S., Wong, C., Ma, Y., and Pradhan, K. (2008). Low dopa-
mine striatal D2 receptors are associated with prefrontal metabolism in obese
subjects: possible contributing factors. Neuroimage 42, 1537–1543.
Wang, G.J., Volkow, N.D., Logan, J., Pappas, N.R., Wong, C.T., Zhu, W.,
Netusil, N., and Fowler, J.S. (2001). Brain dopamine and obesity. Lancet
357, 354–357.
Werther, G.A., Hogg, A., Oldfield, B.J., McKinley, M.J., Figdor, R., Allen, A.M.,
and Mendelsohn, F.A. (1987). Localization and characterization of insulin
receptors in rat brain and pituitary gland using in vitro autoradiography and
computerized densitometry. Endocrinology 121, 1562–1570.
